Abstract -We examined the below-ground mycorrhizal diversity of P. pinea seedlings inoculated with S. collinitus six years after outplanting in a disturbed site, located at La Petite-Camargue (Gard, France). This was performed using the polymerase chain reaction (PCR), the restriction fragment length polymorphism (RFLP) and the sequencing of the nuclear ribosomal internal transcribed spacer (ITS). Seven and one plants corresponding, respectively, to inoculated and non-inoculated (control) treatments were chosen randomly. Examinations were carried out directly from ectomycorrhizae. A total number of 233 root tips was examined. Five ITS RFLP taxa were detected. The ITS taxon I corresponded to the ectomycorrhizal species Rhizopogon rubescens. This fungus was abundant (55%) in the P. pinea ectomycorrhizal community. The other ITS taxa were rare and remained unidentified. The current P. pinea plantation showed a restricted diversity of the ectomycorrhizal community which is typical of ectomycorrhizal communities in young plantations established in disturbed stands.
INTRODUCTION
In natural ecosystems, roots of forest trees live in association with below-ground soil-born fungal communities and populations forming symbiotic structures called ectomycorrhizae (ECM) [11] . The ectomycorrhizal mycelium of these symbiotic organs grows and develops or not fruit bodies above the ground. The ectomycorrhizal symbiosis is known to improve the mineral nutrition, the growth and the adaptation of forest trees. Ectomycorrhizal fungi have thus been exploited in many reforestation programmes (for a review see [17, 18] ). However, knowledge of the structure and the composition of the ectomycorrhizal fungal communities (EFCs) of the young plantations is still limited [10, 22] . In addition, comparing to the number of recent reports performed on the analysis of the EFCs from mature forests [e.g. 4, 5, 8, 13, 14, 23, 24] , information on the EFCs in the young plantations and in the young stands [3, 24] and their relationships with those of the mature forests are rare.
In the Mediterranean region, the deterioration of forests and its consequences on soil conservation and the stress accompanying the outplanting of young forest trees are often related to the drastic edaphic and climatic conditions. Indeed, for example in the region of "La Petite-Camargue" (Gard, France), the Brasinvert's domain of approximately 200 hectares of calcareous arenosol was subjected to ecological disturbances (violent storms and drought stress) before 1983, leading to the death of 90% of mature Pinus pinea trees between 1983 and 1986 [2] . After that disturbance, an experimental plantation was established in the domain in 1990 with nursery-noninoculated and-inoculated with S. collinitus Pinus pinea seedlings [2] .
The present investigation examined the diversity of below-ground P. pinea EFC six years after outplanting in this disturbed site. This was performed using PCR-RFLP and sequencing of the rDNA ITS directly from the ectomycorrhizal root tips.
MATERIALS AND METHODS

The experimental plantation of P. pinea
The description of the experimental P. pinea plantation in the Brasinvert's domain (latitude: 43 o 28' 12"; longitude: 4 o 18' 52"; altitude: 1 m) was detailed by [2] . Two treatments were carried out: seedlings inoculated with S. collinitus (J 3.15.2) and non-inoculated (= control) seedlings. This fungus was collected under a 20-year-old P. pinea plantation in a calcareous arenosol site at "La Grande-Motte" (south of France) in 1985. It was also distinguished from other Suillus spp. [16] and from other S. collinitus strains [6] using ITS sequence and isozyme analysis, respectively. Each treatment was subjected to a fertilization with a liquid fertilizer (formula 8-6.5-13, Dynaflor ® , Sète, France) diluted at 0.5% (D), a fertilization with the same solution at 0.1% (D/5) and no fertilization (NF) in the nursery. The inoculated and the control P. pinea seedlings were introduced in three randomized complete plots (I, II and III) in the plantation in January 1990. Only 55 plants of plot III (36 m × 24 m) inoculated with S. collinitus (J 3.15.2) and the corresponding 14 control plants, all fertilized with the D/5 solution, were considered for further sampling and DNA typing. The inoculated and the control treatments were distributed in three and two lines of plants, respectively. The two treatments, the lines and the plants were 9, 3 and 1.5 m apart, respectively.
Sampling plants, roots and ECM
Soil was carefully removed starting near the base of the plant stem until the roots appear. Digging was then carefully continued in a centrifugal direction to the end of the long roots of 0.97-2.3 m of length. No abundant roots and young mycorrhizal morphotypes were observed during root and ECM surveys. Two types of ECM were found: young ECM with well developed mantle and old ECM associated to dried black roots and having either no mantle or a naturally damaged mantle. A total of eight plants corresponding to 12.7% and 7% of respectively inoculated and control treatments were examined randomly (table I). The inoculated treatment was examined in both Spring and Autumn 1996 (i.e. six years after outplanting), while control treatment was examined in Spring of the same year. Nearly all the roots (4 to 9 per plant) and all the young ECM observed were sampled, while the old ECM were chosen randomly. Both roots and ECM were found at 10-30 cm of soil depth. However, prior to excising the root tips, the root systems were carefully washed to remove most of the adhering soil substrates. A total of 233 ECM (9 to 53 per plant) were taken (140 young ECM, 91 old ECM and two short roots -which seemed non-mycorrhizal) using a binocular microscope (table I). They were then washed once with H 2 O 2 during 30 seconds and then three times with autoclaved H 2 O, and stored at -70 o C for further DNA extraction and molecular analysis of the P. pinea EFC. The sampling approach described above presents three advantages: the plants were not completely removed from the soil, the plantation was less damaged, and links between the roots and the plants were ascertained.
DNA extraction and PCR amplification
Total DNA was extracted from the fresh vegetative mycelia and from the single ECM using the CTAB protocol [7, 12] . The nuclear rDNA internal transcribed spacer (ITS = 3'end of 18S + ITS1 + 5.8S + ITS2 + 5'end of 25S) was amplified by PCR using ITS1 and ITS4 primers [25] . The amplification reaction consisted of a total volume of 50 µL. The first 25 µL corresponded to the diluted total DNA (1/100, 1/125 or 1/250) of the mycelium, or (1/2.5, 1/5, 1/10 and 1/15) of the root tips. The second volume corresponded to a PCR mixture adjusted to 25 µL with deionized water (MilliQ). The reagents of the PCR reaction and their final concentrations were: 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 2.5 mM MgCl 2 , 0.05% W-1 (GibcoBRL, Life Technologies), 200 mM each of ultrapure dATP, dCTP, dGTP and dTTP (Pharmacia Biotech), 0.2 mM each of the two primers (Eurogentec, Belgium) and 1.75 units Taq DNA polymerase (GibcoBRL, Life Technologies) [12] . The PCR cycles were ensued according to [7] using a PTC-100 thermocycler (MJ Research, Inc., Watertown, MA, USA). Negative controls (no DNA template) were made in all PCR experiments to check DNA contamination of reaction mixtures. The pUCBM21 DNA (molecular weight marker VIII, Boehringer Mannheim), cleaved with HpaII and DraI plus HindIII was used as size standards. Size of the PCR and RFLP fragments were determined using the ImageMaster 1D Gel Analysis (v 3.0) programme (Amersham Pharmacia Biotech). For RFLP analysis, the non reproducible bands with size lower than 67 bp were not considered.
RFLP analysis
Ten microliters of ITS products were mixed with 1.5 µL of the React mix, containing 5 units each of HinfI, AluI, MspI, CfoI, and RsaI (GibcoBRL, Life Technologies), and adjusted to 15 µL with deionized water according to the manufacturer's recommendations. The amplified products and the restriction fragments (RFLPs) were electrophoresed on 1.5% and on 2% high resolution agarose gel (Sigma), respectively, stained with ethidium bromide, and photographed under ultraviolet light using the Imager 2.02, a system including a micro-computer incorporating an image processing software v. 2.02 related to an UV cabinet by a CDD camera (Oncor-Appligene).
ITS sequencing
The sequencing reactions were performed on the amplified ITS of mycelia and some representative ECM (No. 125, 18, TQ & TU) showing single ITS products. The double stranded ITS products were then purified using the QIAquick PCR purification Kit (Quiagen) in accordance with the manufacturer's instructions. Both strands were sequenced separately using the BigDye Terminator Cycle Sequencing Kit, the AmpliTaq DNA Polymerase FS (Perkin Elmer Applied Biosystems, Foster, City, CA, USA) and the ITS1 or ITS4 primers. Sequencing products were analysed using the automated ABI PRISM 310 DNA Genetic Analyser (Perkin Elmer Applied Biosystems) at the DNA Sequencing Facilities of INRA-Nancy (France). The sequencing data were edited using Sequencher (Genes Codes Corporation, Ann Arbor, MI, USA) for Macintosh computers.
Molecular identification of ECM
Each "ITS RFLP-type" corresponding to a pool of ECM was named "ITS RFLP-taxon". To identify these taxa, the ITS RFLP patterns and the ITS sequences were compared with referenced ITS RFLP patterns of ectomycorrhizal species, and with GenBank ITS sequence database, respectively. ITS sequences were then deposited in the GenBank database. The determination of the taxa having the closest sequence was performed by DNA sequence comparison using the Blastn program at the National Center for Biotechnology Information.
RESULTS
Amplification yield of the fungal ITS of the 140 young ECM was high (84%) (table I). In contrast, the old ECM and the short roots of P. pinea did not produce any PCR products. The lack of PCR products with the old ECM likely resulted from the presence of enzyme inhibitors and/or to the poor quality of these ECM (dry roots without mantle or with a naturally damaged mantle). Therefore, only young ECM were considered in the subsequent calculations. The amplification products of the young ECM showed either single (29%), double (54%) or triple (approx. 1%) ITS bands, suggesting the presence of fungal contaminants in most mycorrhizal roots. The additional bands showed a low intensity and thus did not affect the analysis. The absence of a common ITS product in the 233 mycorrhizal root tips indicated that there was no amplification of the P. pinea ITS.
Identification and frequency of the ITS RFLP taxa
The size of the PCR products ranged from 600 to 740 bp. The digestion of the ITS products of the young 200 K. El Karkouri et al. 
DISCUSSION
Diversity of below-ground mycorrhizal fungi in a P. pinea plantation was examined six years after outplanting seedlings inoculated with S. collinitus. This analysis was performed using PCR-RFLP and sequencing of the nuclear rDNA ITS. The absence of visible above-ground fruit bodies, at that time, was consistent with the fact that diversity of below-ground ECM does not necessarily reflect the above-ground fruit body production in mature forests [5, 8] . Five ITS RFLP types were detected on the root system of 6-year-old pines. This low ectomycorrhizal diversity is supported by previous reports which showed that distribution of speciesabundance of young Pinus trees follow geometric series with poor-species community and few dominant species, while those of mature Pinus forests fit log-normal series with a stable and high species diversity and equitability [13, 15, 24] . The poor community in the plantation is also typical of fungal communities developing in severe environmental conditions [19] . The structure and the composition of ectomycorrhizal fungal communities (EFCs) are also known to be influenced by several disturbances such as fire [13] , earth-worm activity, N deposition or Dominance of R. rubescens in a P. pinea plantation 201 occurrence of heavy metals [4] . In the present site, the death of 90% of mature P. pinea trees, the lack of soil ploughing and the high soil salinity revealed by the presence of Salicornia sp. [2] , before and/or after outplanting, probably affected the survival of resident mycorrhizal fungi and the colonization of the roots with diverse mycorrhizal propagules. These factors in combination with the severe conditions in the plot, suggested by the presence of large number of either dried or dead ECM, may have limited the mycelial extension (ECM at a depth of 10-30 cm) up to the first soil horizon O [2] and influenced the development of fruit bodies, at the sixth year of planting. In contrast, temporal ectomycorrhizal surveys carried out under inoculated P. pinaster seedlings showed the presence of ectomycorrhizal fruit bodies during ten years of planting [9, 10] . However, the number and the identity of these ectomycorrhizal species were not high (1-4 species) and not identical each year. This suggests that the development of fruit bodies and the survival of resident ectomycorrhizal species may be subjected to distinct influences each year under the experimental plantation.
The mycorrhizal fungus R. rubescens (ITS RFLP type I) was the dominant taxon in the P. pinea EFC. Similarly, some Rhizopogon species were also found to dominate the ectomycorrhizal communities of Douglas fir and pine seedlings grown on disturbed forest soils [20] , 1-year-old P. muricata seedlings after fire [3] and the resistant propagules community (RPC) in young P. muricata bioassay seedlings [23] . Propagules of some Rhizopogon species were described to be tolerant to drought stress [20] , to resist to fires [3] and to have persistent propagules which respond rapidly to disturbance and increased drastically in colonization success [23] . These data support the fact that R. rubescens was able to cope with the various disturbances cited above in the P. pinea plantation and thus competed well against the S. collinitus inoculant. Its massive presence on P. pinea roots therefore suggests that this species followed similar ecological strategy observed for other Rhizopogon species [3, 23] and these abilities may be a characteristic of the genus Rhizopogon. On the other hand, 20 and 80% of single R. rubescens ECM were detected alone or with one additional fungal contaminant, respectively. This result suggests that R. rubescens species might be in successively phases of competition or interaction with other unidentified saprophytic, pathogenic or symbiotic fungus. Indeed, other reports showed various states of composite ECM e.g. between Rhizopogon or Suillus spp. and Chroogomphus spp. under Pinus species [1, 26] .
In contrast to R. rubescens species, S. collinitus, which was inoculated on P. pinea seedlings, was not detected six years after outplanting. The absence of S. collinitus ECM explained necessarily the absence of its fruit bodies in the plantation, at the time of surveys. However, the absence of S. granulatus and Lactarius deliciosus fruit bodies in a plantation of P. pinaster inoculated with these species did not necessarily indicate their exclusion [9, 10] , since no fruit body and ECM relationships were investigated using molecular tools. In our study, the exclusion of the inoculant was unexpected for the following reasons. The S. collinitus species is a common symbiotic partner of the P. pinea species, in the Mediterranean region [6, 21] . It was, in addition, collected under a 20-year-old P. pinea plantation on a calcareous arenosol and was introduced into similar edaphic conditions. Our results, suggest therefore that the ecological conditions cited above might have affected the adaptation of S. collinitus species in the plot and its competitive ability against R. rubescens. If Laccaria bicolor S238N is a competitive fungus which persisted 10 years after outplanting Douglas-fir seedlings [22] , the S. collinitus inoculant seems to be very sensitive to changing sites. More knowledge of the ecological strategy of this model species under young Mediterranean plantations should therefore be investigated. This should contribute to the determination in which appropriate habitat S. collinitus species would be competitive, dominant and efficient.
The current investigation suggests that the analysis of ectomycorrhizal communities in the young plantations provides valuable information on the structure and the composition of the ectomycorrhizal communities and on the ecological strategy of their members. These could improve the management of the plantations in Mediterranean ecosystems.
